A novel CO2-resistant ceramic dual-phase hollow fiber membrane for oxygen separation by Bi, Xiuxiu et al.
Author’s Accepted Manuscript
A novel CO2-resistant ceramic dual-phase hollow
fiber membrane for oxygen separation
Xiuxiu Bi, Xiuxia Meng, Pengyun Liu, Naitao
Yang, Zhonghua Zhu, Ran Ran, Shaomin Liu
PII: S0376-7388(16)31553-8
DOI: http://dx.doi.org/10.1016/j.memsci.2016.09.008
Reference: MEMSCI14728
To appear in: Journal of Membrane Science
Received date: 11 May 2016
Revised date: 2 September 2016
Accepted date: 8 September 2016
Cite this article as: Xiuxiu Bi, Xiuxia Meng, Pengyun Liu, Naitao Yang,
Zhonghua Zhu, Ran Ran and Shaomin Liu, A novel CO2-resistant ceramic dual-
phase hollow fiber membrane for oxygen separation, Journal of Membrane
Science, http://dx.doi.org/10.1016/j.memsci.2016.09.008
This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.
www.elsevier.com/locate/memsci
1 
 
A novel CO2-resistant ceramic dual-phase hollow fiber 
membrane for oxygen separation 
Xiuxiu Bi
a1
, Xiuxia Meng
a1
, Pengyun Liu
a
, Naitao Yang
a*
, Zhonghua Zhu
b
, Ran Ran
c
, 
Shaomin Liu
c*
 
a
School of Chemical Engineering, Shandong University of Technology, Zibo 255049, 
China  
b
School of Chemical Engineering, the University of Queensland, Brisbane 4072 
Australia 
c
Department of Chemical Engineering, Curtin University, Perth, WA 6845, Australia 
*
Corresponding authors. Telephones:+86-533-2786292; +61-08-92669056 
naitaoyang@126.com 
shaomin.liu@curtin.edu.au 
 
Abstract 
Robust oxygen permeable ceramic membranes have potential applications in clean 
energy industries like oxyfuel power plants and green chemical synthesis like syngas 
production combining the separation and reaction in one unit. The well-known and 
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highly permeable perovskite oxide membranes are limited by their lower chemical 
stability. In this work, a novel dual-phase hollow fiber membrane based on a fluorite 
Pr0.1Gd0.1Ce0.8O2-δ(PCGO) and a spinel CoFe2O4(CFO) composite was developed via 
a phased inversion/sintering method. Enhanced oxygen permeability and 
unprecedented high CO2 resistance were realized by the 50wt%PCGO-50wt%CFO 
dual-phase hollow fiber membrane. The composite was synthesized via a one-pot 
sol-gel preparation method to achieve the homogenous distribution and the formation 
of percolative network of each phase for both oxygen ionic and electronic conduction 
purpose. The oxygen permeation flux of 0.54 mL∙min-1∙cm-2 was achieved using He as 
sweep gas at 1000
o
C. Membrane performance was further improved by coating a 
perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ(BSCF)layer on the outside surface of the dual 
phase membrane to face the feed gas-air leaving the other membrane side untouched 
to maintain its high stability to withstand the harsh gas condition containing CO2. The 
dual phase membrane had been successfully operated at 950 °C in pure CO2 
atmosphere for more than 200 hours with flux rate fixed at 0.40 mL∙min-1∙cm-2 
without any noticeable performance degradation or membrane deterioration. By 
contrast, the flux rate of pure perovskite membrane had been sharply dropped down 
by 80% albeit operated for only 8 hours.  
Keywords:  
hollow fiber; fluorite-spinel composite; CO2 resistance; oxygen permeation membrane; 
phase inversion.  
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1. Introduction 
Cost-effective oxygen production from air separation has always attracted great 
attention due to its wide application in chemical industries, in pharmaceuticals, 
petroleum, glass, cement and ceramics, and in pulp/paper and metal manufacturing 
industries [1-6]. In particular, the contemporary society is facing a major challenge by 
reducing the anthropogenic CO2 emission to mitigate the severe climate change. In 
this historically challenging stage, our human civilization has conferred the 
technologies of cost-effective oxygen production unprecedented importance to 
conserve the environment. Among the three major clean energy schemes namely 
pre-combustion, oxyfuel and post-combustion, the preceding two of them need pure 
oxygen from air separation unit; however, the high cost of the expensive and energy 
intensive cryogenic distillation method restricts their applications [7-11]. In some 
sense, we can claim that the world will become greener if the oxygen production cost 
has been reduced significantly to meet up the industrial profitable operation. So far, 
the high-purity oxygen is generated via cryogenic distillation and pressure swing 
adsorption (PSA). However, cryogenic distillation is costly and energy intensive, 
while pressure swing adsorption (PSA) has limited purity less than 95%[12, 13]. 
Polymeric membrane is another option. However, the small difference between the 
kinetic diameters of nitrogen (3.64 Å) and oxygen (3.46 Å) makes their separation 
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very difficult by porous polymeric membranes with pore sizes normally larger than 5 
nm [12-15]. Thus, air separation is achieved via the non-porous polymeric membrane 
where the solution-diffusion is the separation mechanism. Due to the inherently low 
selectivity (the state of art O2/N2 separation factor: 6-9), the polymer membranes are 
actually used to produce oxygen enriched air with oxygen purity less than 50%; for 
more purified oxygen, a multi-stage operation has to be adopted but of course with 
more energy cost [12-15]. To make a possible breakthrough, the mixed oxygen-ion 
and electronic ceramic membranes have attracted more interest due to the reduction of 
the 35% production cost to produce high-purity oxygen compared to the conventional 
distillation method [16, 17]. When integrated in clean energy projects like the 
oxy-fuel power plant for CO2 capture, such ceramic membrane can further help to cut 
the energy penalty by 50% [18,19]. Instead of gas molecular transport through the 
micro-pores via the conventional molecular sieving membranes, the oxygen diffusion 
through the dense ceramic membranes involves the surface reactions transferring the 
molecular oxygen into ions (lattice oxygen), which is solely permeated through the 
bulk membrane driven the partial pressure gradient at high temperatures, thus 
achieving 100% oxygen purity in theory. Among the membrane geometries, ceramic 
hollow fiber exhibit great potentials in scaling up due to the facile assembly with 
larger membrane surface area per unit volume and less sealing area compared to disk 
or tubular membranes [2,3,20,21]. Furthermore, the oxygen permeation flux can also 
be significantly enhanced through the ceramic hollow fiber due to the thin membrane 
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thickness.  
The typical high permeable pervoskite ceramic membranes such as SrCo0.8Fe0.2O3-δ 
(SCF) and Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), often suffer from the irreversible 
membrane material deterioration under harsh operating conditions with CO2 or steam 
containing atmosphere due to the reactions of A-site alkaline earth cations with the 
acid gases or steam [22, 23]. Ion conducting fluorite oxides offer high chemical 
stability evidenced by their applications as the electrolyte for solid oxide fuel cells [24, 
25]. However, the oxygen flux rate of these membranes is very low due to the lack of 
sufficient electronic conductivity under oxidizing atmosphere. Logically, the 
dual-phase composite membranes consisting of fluorite and the second ceramic phase 
with high electronic conductivity like various pervoskite oxides or precious metals 
have been proposed [26-36]. Due to the requirement of the individual continuous 
material pathway to complete the ionic and electronic conduction, the addition of the 
electronic conducting perovskite phase should be more than 40%. Despite the 
improvement of stability from these dual phase membranes, the reasons causing the 
membrane deterioration cannot be eliminated from the source-the large content of 
weak perovskite phase [37, 38]. Therefore, the selection of a more robust electronic 
conducting phase is the prerequisite to design such dual phase membranes with high 
stability. In addition to these expensive noble metals (i.e., Pt and Pd) and the easily 
reacted perovskites, the spinel oxide has attracted much attention in this field due to 
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its robustness [39]. For example, the mixtures with NiFeO4 and Ce0.2Tb0.2O2-δ or 
(Ce0.9Gd0.1O1.95) have been reported to exhibit good CO2 and SO2 stability[39]. In 
particular, the Co-based spinel oxides, such as CoFe2O4, have demonstrated superior 
oxygen-reduction and oxygen-evolution performance due to its excellent electronic 
conductivities [40, 41]. However, the CO2-resistance of the composite membrane has 
not been reported during the oxygen separation process. In this paper, we look at the 
novel dual phase hollow fiber membrane consisted of robust fluorite 
Pr0.1Gd0.1Ce0.8O2-δ(PCGO) (the ionic conductor) and the spinel oxide CoFe2O4(CFO) 
(the electron conductor) for the oxygen permeation membrane to resist the acid gas 
(CO2). The selection of PCGO rather than Gd0.2Ce0.8O2-δ(GDC) is due to its higher 
oxygen-ion conductivity sourced from the higher oxygen vacancy concentration 
created by the multivalent Pr (Pr
3+
/Pr
4+
)[42]. 
2. Experimental Section 
2.1.  Synthesis of PCGO-CFO powder and its hollow fiber 
The Pr0.1Gd0.1Ce0.8O2-δ-CoFe2O4 (PCGO-CFO) dual-phase composite with a weight 
ratio of 50:50 was fabricated via a one-pot methodusing the combined EDTA-citrate 
complexation technique [43]. The nitrates including Pr(NO3)2·6H2O, Gd(NO3)2·6H2O, 
Ce(NO3)3·6H2O, Fe(NO3)3·9H2O, Co(NO3)2·6H2Owith analytical purity were used as 
received, which were dissolved with citric acid in distilled water in stoichiometric 
quantities. In a separate beaker, the EDTA powder was added under magnetic stirring 
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into aqueous ammonium hydroxide to form a water-soluble ammonium salt. EDTA 
solution was then added into the solution of the metal ions and citric acid under 
stirring. The molar ratios of EDTA, citric acid, and total metal ions in the final 
solution were 1.5:2:1. The final mixture was heated at 100°C for several hours to 
remove excess water until a viscous gel was obtained, which was then transferred to 
an oven with self-combustion started at 400°C to form the powder precursor. The 
powder precursor was finally calcined at 1000°C for 5 hours to obtain dual-phase 
PCGO-CFO mixed powder. All powder preparation steps were carried out in a 
well-ventilated fume hood to prevent inhalation of decomposition gases and particles. 
After ball-milling, the powders were sieved by a 200-mesh sifter and dried at 100ºC. 
The hollow fibers were prepared via phase-inversion methoddescribed in supported 
information in detail [44, 45], and sintered at 1400ºC for 4h using a vertical tubular 
furnace to obtain the sufficiently densified membrane. To obtain the similar 
membrane microstructure, the preparation parameters should be strictly controlled 
consistent including humidity, temperature, viscosity of dope, spinning rate, sintering 
temperature and procedure. In our experiment, 12 hollow fibers in length of 25 cm 
and diameter of 1.8 cm can be obtained based on 100g inorganic powder 
(6~7g/hollow fiber). The membrane reproducibility is up to 70~80%. 
Prior to the oxygen permeation test, the gas tightness of the hollow fiber membrane 
was examined by measuring the permeability of nitrogen, which should be within the 
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range of x10
-11
mol m
-2
s
-1
 Pa
-1
 under 1 atm[46]. For the stability comparison purpose, 
typical perovskiteBa0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) powder was also prepared by the 
combined EDTA-citrate complexation method; its disk-shaped membrane (thickness 
of 1 mm and diameter of 1.5cm) was fabricated according to the protocol described 
earlier [23]. To improve the oxygen flux, BSCF slurry, made by the weight ratios of 
BSCF/PVB/EtOH at 1:1:10, was brushed on the external surface of the dual phase 
hollow fiber and subsequently heat-treated at 1000
o
C for 2 hours to burn the organic 
out and increase the interfacial adhesion between the coating layer and membrane 
surface.  
2.2. Characterization of membrane materials.  
The calcined powder was investigated by transmission electron microscopy (TEM, 
Titan) at 200 kV. The sample was dispersed in ethanol and deposited on copper grid. 
The crystal structures of the membrane materials were determined by X-ray 
diffraction (XRD, D8 Advance, Bruker, Germany) in the 2θ range 20-80º with a step 
of 0.01º using Cu-K radiation(=0.15404nm). The X-ray tube voltage and current 
were set at 40 kV and 30 mA, respectively. Microstructure of the hollow fibers was 
studied by field emission scanning electron microscopy (FESEM, FEI 200, the 
Netherlands) at 20kV. Gold sputter coating was performed on the samples under 
vacuum before the SEM characterization. The elemental distribution was observed on 
the FESEM by energy dispersive X-ray spectroscopy (EDS, oxford INCA 200). The 
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binding energy of the elements and oxidation state of O1s, Fe & Co ions in dual-phase 
powder were measured by X-ray photoelectron spectroscopy (XPS, 
PHI5000VersaProbeⅡ) with Al Kα radiation and analyzed using XPSpeak 4.1. Prior 
to analysis, the XPS data were normalized using the binding energy value of 
adventitious carbon at 284.6 eV as reference. The pore size distribution of the hollow 
fibers was determined by a mercury porosimeter (Quantachome Instruments PM 60-6) 
with a mercury pressure of 138 kPa to 275.8MPa, and analyzed by the Micrometrics 
software (version 1.09). Prior to measurement, the samples were heat-treated to 200 
◦
C for 2 h to remove the absorbed water molecules. The weight of each sample taken 
for the measurement was around 1.0 g. 
2.3. Oxygen permeation test 
The oxygen permeation through the hollow fiber membrane was conducted in a 
homemade high-temperature oxygen permeationcell with more details referred 
elsewhere [20, 47]. The air was used as the feed gas and supplied with a constant flow 
rate of 100 mL·min
-1 
to go through the shell side, while He and CO2 or their mixture 
with a flow rate from 30 to 150 mL·min
-1
were individually used as sweep gas from 
the lumen side. The operation temperature varied from 900 to 1000 ºC. The tail gas 
from the lumen side was analyzed by an online gas chromatograph (Agilent, 7890N) 
with a combined 5A with carbon molecular sievecolumn. All data in oxygen 
permeation are obtained from the average value for three parallel tests. Before testing, 
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the calibration will be carried out using standard gas. The oxygen permeability,
2O
J , 
was calculated by Eq. (1). 
m
Oout
O
A
xF
J 2
2
21.0100 
                        (1) 
Where Fout (mL min
-1
) is the flow rate of the exit gas from the shell side; and 
2
Ox is 
the fraction of oxygen in exit gas; while Am (cm
2
) is the average membrane area of the 
constant temperature zone. Similarly, the oxygen permeation of BSCF membrane was 
conducted and detailed procedure can be referred elsewhere [23]. 
3. Results and Discussion 
3.1.  Properties of ceramic powder composites and morphology of dual phase 
hollow fiber membrane  
The homogenous and continuous distribution of the dual-phase ceramic powder is the 
prerequisite to obtain high-performance membrane for oxygen separation. Fig.1 
displays the XRD patterns of PCGO-CFO powders sintered at 1000 ºC. For 
comparison purpose, the reference XRD patterns of CoFeO4 (JCPDS-22-1086) (Fig. 
1a) and CGO (JCPDS-50-0201) (Fig. 1b) are also present. The XRD patterns of the 
dual-phase powder from Fig. 1c merely consist of cubic fluorite structured PCGO 
(space group 225: Fm3m) and spinel structured CFO (space group 227: Fd3m). No 
other phases resulting from the reactions between PCGO and CFO could be detected 
within the resolution limit of XRD, indicating the considerable stability between 
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PCGO and CFO during co-sintering process in air. After the high temperature 
treatment in pure CO2 at 950
o
C for 2h, the dominating crystal structure (Fig. 1d) of the 
composite remains unaltered, highlighting its potential to be applied in CO2–
containing atmosphere. Fig.1e is the XRD pattern of the spent membrane going to be 
discussed shortly.   
The morphology of calcined composite powder was observed by TEM and HRTEM. 
As shown in Fig. 2(a), the particles distributes homogenously with the primary 
particle size of 40-80 nm. Compared to the large particles, these nano-sized particles 
would enhance the sintering ability of the resultant ceramic hollow fibers as the 
nano-sized particle composite is more easily densified. The CFO and PCGO grain 
boundary area can be distinguishably observed in the HRTEM image as shown in 
Fig.2(b) with lattice spacing distances of 0.49, 0.253 and 0.313 nm to be indexed as 
the characteristic planes of (111), (311) in CFO (D111=0.49 nm and D311=0.253 nm) 
and (111) in PCGO (D111=0.313 nm), which fits well with the cell unit parameter 
obtained from X-ray diffraction (Fig. 1). Fig. 3a shows the XPS spectra of the full 
survey with O 1s, Fe 2p and Co 2p. The quantitative analysis of binding energy and 
composition is summarized in Table 1. The atomic ratio of Co to Fe is near 1:2, 
confirming the strict stoichiometry of CoFe2O4. The atomic ratios of 1:1:8 between Pr, 
Gd and Ce indicate that the Pr and Gd ions are completely doped into CeO2 molecular 
structure. From Fig. 3(b), the primary spectra of O 1s is de-convoluted into two peaks 
12 
 
(528.83 and 530.14eV), which can be assigned to lattice oxygen sourced from the 
M-O-M framework [48], such as Co-O-Co, Fe-O-Fe and Ce-O-Ce. Incomparison with 
the XPS of pure CFO (529.3 eV)[49, 50], the increasing bonding energy of O 1s 
(529.69 eV in Table 1) implies its improved CO2-tolerance of the composites due to 
the more difficult process for metal oxides to donate electrons[50]. The peaks located 
at 710.37 (Fe 2p3/2), 715.24 (satellite) and 723.84 eV (Fe 2p1/2) in Fig. 3(c) are due 
to the existence of Fe
3+ 
in the CFO oxide. In Fig. 3(d), the peaks located at 779.98 (Co 
2p3/2), 785.31 (Co 2p3/2) and 795.61 (Co 2p1/2) are consistent with the presence of 
Co
2+
in thehigh-spin state.  
Dense dual-phase hollow fiber membranes were fabricated by sintering at 1400ºC 
with samples in length of more than 25 cm showing in Fig. 4a; the respective outside 
and inside diametersare 1.88 and 1.68 mmas detected from SEM (Figure S1). The 
sintered hollow fiber displays the asymmetric structure with a dense layer sandwiched 
between two porous layers as shown from the cross sectional view in Fig. 4(b), which 
is derived from the phase inversion process. A mono-modal pore size distribution with 
a mean pore diameter of 0.68 μm can be observed (Fig. S2) in the porous area. The 
mechanical strength of the resultant hollow fiber is up to 150MPa based on 
three-point bending test, quite similar to Ni-YSZ hollow fibers [45]. Fig. 4c is the 
magnified part of the cross sectional area of Fig.4b with mapping results (Fig. 4d1-d4) 
of the metal elements in the composite, which clearly reveal the well-connected 
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conducting paths for both oxygen ions and electrons required by the high ambipolar 
conduction.  
3.2. Oxygen permeation behavior of dual-phase hollow fiber membrane swept by 
inert gas (helium) and its improvement  
The thoroughly connected and uniform distribution of both phases is the prerequisite 
for the dual phase membrane to achieve good oxygen flux rates. The working 
principles of oxygen permeation through the dual phase membrane are illustrated in 
Fig. 5. The dark and grey colored areas stand for the oxygen ionic conducting (PCGO) 
and electronic conducting (CFO) phases, respectively. Fig. 5a&b show the oxygen 
permeation process under helium or CO2 as the different sweep gas, which majorly 
involves the two surface reactions and ionic bulk diffusion. For both cases, the surface 
exchange reactions on the feed and permeate side are occurring at triple phase 
boundary (TPB) areas as below: 
  OO OeVO 22
1
2  (feed side) (2)  
  eVOO Oo 22
1
2 (permeate side) (3) 
Where 

oO  and 

OV  denote the lattice oxygen and oxygen vacancy, respectively. 
Here, the TPBs are the connection points of PCGO, CFO and gas (air, He or CO2) as 
showing in Fig. 5a&b. During the oxygen permeation process, the electron is shuttling 
from permeate side to the feed side along the curved CFO percolation path but the 
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oxygen ion is diffusing in the opposite direction along the PCGO path to maintain the 
material electronic neutrality. Inside the bulk dual phase membrane, any existing 
islands of individual phase (i.e., marked by blue shape (PCGO) or yellow ring (CFO)) 
will not contribute the ionic or electronic conduction, the existence of which 
minimizes the oxygen flux rates. Thereby, the formation of isolated phase during the 
preparation of the dual phase membrane should be avoided. During the conventional 
dual phase preparation via solid state mixing and sintering, the formation of isolated 
area cannot be avoided thus the oxygen flux is very low, sometimes several orders of 
magnitude lower than the single phase perovskite membranes [36]. To address this 
concern, in this work, we employed one-pot sol gel method to achieve the uniform 
distribution of the two individual percolation phases. Figure 5B also indicates the 
effect of using acid gas of CO2 as the sweep gas on the oxygen permeation behavior, 
which will be further discussed subsequently.  
Fig. 6a shows the oxygen permeation fluxes of PCGO-CFO dual-phase hollow fiber 
membranes swept by helium from 900 to 1000 ºC. It is clear that at elevated operation 
temperature, flux increase is distinctly observed stemmed from the facilitatedbulk 
diffusion rate and surface reactions. At 1000ºC, the oxygen flux was up to 0.54 
mL∙min-1∙cm-2 using He as the sweeping gas. This value is significantly higher than 
other dual-phase disk-shaped membranes containing of fluorite and spinel composite 
using inert gas as the sweep gas (Table 2) [39, 41, 52-54]. This attributes to the 
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advantageous microstructure of asymmetric hollow fiber, which provides thinner 
effective thickness and larger surface area for oxygen exchange reactions in 
comparison with the disk-shaped membrane. Another favorable factor is the formation 
of uniform percolative network resulting from the homogenousdistribution of electron 
and ion conducting phases as shown in Fig. 4d achieved in one-pot preparation. In 
addition, the effect of increasing the sweep gas flow rate is considerably prominent at 
high temperature zone, whereby enhancement in oxygen permeation fluxes is 
observed especially from 950 ºC onwards due the enlargement of the oxygen partial 
pressure gradient. At 1000
o
C, for example, increasing the helium flow rate from 90 to 
150 mL∙min-1 raised the oxygen flux from 0.3 to 0.54 mL∙min-1∙cm-2. During the 
oxygen permeation measurement, nitrogen was rarely detected using the on-line GC. 
As the oxygen transport through such dense mixed conducting ceramic membrane is 
completed via the oxygen ion diffusion blocking any other impurity molecular 
transport. In theory, the selectivity of oxygen to nitrogen is 100% and O2/N2 
separation factor is infinite for the high quality membrane without defects or leaking. 
This is very different with these microporous molecular sieving membranes where the 
separation factor is jointly determined by the molecular kinetic diameter and 
membrane pore size and the individual molecular adsorption effects. Fig. 6b 
illustrates the improved oxygen flux results by simply coating a mixed conducting 
perovskite BSCF layer facing the feed (air) side of the dual phase hollow fiber 
membrane. As shown in Fig. 6c, the BSCF coating thickness is 3 micron. When 
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applied practically, these BSCF coated surface side will be exposed to asymmetric gas 
atmosphere conditions with the feed gas-air containing very lower CO2 concentration 
(300 ppm) which does not pose serious stability problem; but the other membrane 
permeate side with robust dual phase material surface can face and withstand the 
harsh conditions with CO2, CH4, H2O or H2 gas. The working principles of using the 
mixed ionic and electronic conducting coating layer to improve the oxygen flux have 
been displayed in Fig. 6 d&e. As shown in Fig.6d, the blank dual phase membrane 
without BSCF coating provides very limited TPB, only focusing on the PCGO and 
CFO grain boundary area and the local center area of each particle from PCGO or 
CFO will be sacrificed. In this case, the very limited TPB areas result in the less 
reaction sites for oxygen reduction and diffusion on the dual phase membrane. By 
decorating BSCF layer on the dual phase membrane surface, due to the mixed 
conducting properties of BSCF, the TPB areas can be expanded to cover at all the 
interface between BSCF/PCGO and BSCF/CFO (Fig. 6e). In addition to providing 
more TPB area, the BSCF coating also ensures a better oxygen reduction reaction 
(ORR) kinetics than the blank due phase membrane. With the combined bi-functions, 
the BSCF coating will improve the oxygen flux rates as evidenced by Fig. 6b. 
Compared to the Fig. 6a without BSCF, the coated dual phase membrane displayed an 
improved oxygen flux rates by more than 60% tested under similar operating 
conditions. For instance, at 950
o
C and swept by He (120 mL∙min-1), the oxygen flux 
rates through the blank dual phase membrane and coated one were 0.31 and 0.56 
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mL∙min-1∙cm-2, respectively. 
3.3. CO2 resistance of dual-phase hollow fiber membranes 
When CO2 is used as the sweep gas, at high temperature, it would be chemically 
adsorbed on the membrane surfaces blocking the surface oxygen exchange reactions 
as schematically shown in Fig. 5b. However, due to the inertness of helium, such 
blocking effect would not happen when using helium as the sweep gas [20]. Thus it 
can be expected that the oxygen flux rates swept by CO2should be lower than that 
swept by helium. Fig. 7(a) depicts the oxygen permeation flux rates of PCGO-CFO 
hollow fiber membranes using mixed CO2/He as sweep gas at 950ºC. As can be seen, 
the membrane did exhibita relatively stable oxygen flux of 0.35 mL∙min-1∙cm-2 in the 
initial testing stage when pure He was used as the sweep gas; after switching to a 
sweep gas mixture of 20 vol% CO2, the oxygen flux slightly decreased by 5%. This 
reduction is ascribed to either carbonate formation due to the reaction with the 
membrane components or due to CO2 competitive adsorption on the membrane 
surface, which was blocking the O2 exchange reactions as discussed earlier. When the 
helium was applied as the sweep gas again, the oxygen fluxes were restored, and this 
tendency still keeps even if the sweep gas was switched from high purity of CO2 to 
helium. However, at this stage, we are still not very clear why after testing for 100 
hours, the oxygen flux of the membrane had been stabilized at a bit higher value 
around 0.37 mL∙min-1∙cm-2 compared to the initial value of 0.35 mL∙min-1∙cm-2. When 
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the initial pure helium and later pure CO2 was used as the respective sweep gas, the 
expected oxygen flux decrease did not occur in the long run. Possibly this 
phenomenon can be explained that during the first 100 hours, the system was not 
stabilized. Anyway, the dual phase membrane exhibited very stable oxygen flux when 
using the pure CO2 as the sweep gas for the next 80 hours operation. This indicates 
the excellent CO2-resistance of the developed dual-phase hollow fibers. To double 
verify this stability performance, the oxygen flux of another hollow fiber sample had 
been tested for 200 h using pure CO2 as the sweep gas going through the inner surface 
of the fresh membrane with results showing in Fig. 7(b). Similarly, the oxygen flux 
remained steady without decrease during the entire 200 h operation but also had been 
slightly enhanced. Again, the dual phase membrane system still needed a longer time 
(100 h) to reach the steady state. This observation was also made by other researchers 
based on Ce0.85Sm0.15O1.925 (SDC)dual phase membrane, which needs more than 40 
hours to reach the steady state comparing to the 8 hours for the coated membrane by 
La0.6Sr0.4CoO3 [55].  
 The membrane flux stability is also achieved by other researchers on fluorite-spinel 
dual-phase membrane [39]. Unlike the pervoskite oxide and pervoskite-fluroite 
dual-phase composite membranes,their oxygen flux rates readily drop down under 
CO2 atmosphere [38, 56, 57]. Fig. 7c vividly show the oxygen permeation behavior 
through one typical perovskite BSCF disk-shaped membrane with thickness 1 mm 
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under similar testing conditions as that of dual-phase hollow fiber membrane in Fig. 
7b. Just as evidenced in Fig. 7c, the oxygen flux of BSCF swept by helium was 
around 2.5 mL∙min-1∙cm-2 in the first 10-hour test. However, when the sweep gas was 
switched to pure CO2, the flux immediately dropped down to 1.50 mL∙min
-1∙cm-2. 
With the extension of CO2 sweeping, the O2 flux clearly underwent a continuing 
sharply decline by more than 80% from the initial flux of 1.50 to 0.21 mL∙min-1∙cm-2 
(swept by helium) just operated for 10 hours only. Perovskite BSCF is easily poisoned 
by high purity CO2/H2O in the sweep gas atmosphere. When the sweep gas was 
switched back to pure helium, the oxygen flux of BSCF could not be recovered to its 
original value due to the carbonate formation from the reactions between the alkaline 
earth metals like Ba/Sr and CO2 at high temperatures, which blocks the O2 surface 
exchange reactions [58,59]. This striking comparison strongly mirrors that the 
currently developed PCGO-CFO dual-phase membrane has an excellent tolerance for 
CO2 gas. Sufficient chemical stability of the membrane materials against these acidic 
gases will be the first consideration for further applications as membrane reactors. 
Under the oxygen gradient created by air and inert gas, although their flux rate of 
PCGO-CFO dual-phase membrane is lower compared to conventional perovskite, in 
membrane reactors for oxidative reactions, the flux value will be expanded due to the 
lower oxygen partial pressure in the permeate side. 
After 200 hour operation, the inner surface of the PCGO-CFO samples was further 
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characterized by XRD (Fig. 2e). A minor impurity phase of CoCO3 was found on the 
surface. The formation of CoCO3 may take place at lower temperature when the 
membrane was cooling down but it is easily decomposed at high temperature due to 
its lower melting point of 427
o
C. The formed cobalt oxides from decomposition 
would be re-accommodated into the perovskite structure under the high operation 
temperatures like 950ºC. Thus the formation of CoCO3 does not exert much negative 
impact on the flux stability under CO2 atmosphere of the prepared PCGO-CFO 
samples.  
4. Conclusions 
In this work, a novel dual-phase hollow fiber membrane based on fluorite PCGO as 
oxygen-ion conducting and spinel CFO as mixed oxygen-ion and electron conductor 
was fabricated via a phased inversion/sintering method. Good homogenous 
distribution of PCGO and CFO oxides from one-pot wet chemistry synthesis 
guarantees the good oxygen-ion and electron conducting paths. The oxygen 
permeation flux of PCGO-CFO hollow fiber membrane is up to 0.54 mL∙min-1∙cm-2 at 
1000 ºC using He as sweep gas, higher than that of the state-of-the-art disk-shaped  
membrane based on fluorite and spinel composite. The improvement of oxygen 
reduction reaction kinetics via perovskite BSCF coating on the hollow fiber outside 
surface further increases the oxygen flux by more than 60%. When CO2 is used as 
sweep gas, the oxygen permeation flux of PCGO-CFO hollow fibermembrane is 
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remarkably stable during the operation time of more than 200 h at 950 
o
C and 
compared favorably with that using helium as the sweep gas. Given the robustness of 
the dual phase hollow fiber membrane to against the acidic gases like CO2 and its 
highly appreciable oxygen flux rates, the current work may inspire new hope to 
realize the potential applications of membrane or membrane reactor in clean energy 
industries like Oxyfuel power plants and green chemical synthesis like syngas 
production.  
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Figure 1. XRD patterns of PGCO-CFO powder. (a) CFO; (b) PCGO; (c) PCGO-CFO 
sintered in air at 950ºC; (d) PCGO-CFO treated in pure CO2 for 2h at 950ºC; (e) the 
inner surface of the hollow fiber membrane after CO2 sweeping 
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Figure 2. TEM image (a) of PCGO-CFO powders sintered at 1000ºC and HRTEM 
image (b) of the CFO-PCGO composite  
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Figure 3. XPS spectra of O1s in PCGO-CFO composites: (a) full Survey (a); O1s (b); 
Fe 2p (c); Co 2p (d). 
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Figure 4. Photo of the sintered PCGO-CFO hollow fiber membrane (a), 
microstructure (b)&(c), and EDS mapping (d-1~d-5) of the cross-section.  
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Figure 5. Schematic of oxygen permeation in dual phase membrane (A: He as sweep 
gas; B: CO2 as sweep gas) 
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Figure 6. Oxygen permeation of blank (a) and BSCF-coated (b) PCGO-CFO 
dual-phase hollow fiber membranes at different temperatures from 900 to 1000 ⁰C 
using He as sweep gas; (c) microstructure of the coated BSCF layer on the outer 
surface of PCGO-CFO dual-phase hollow fiber; oxygen permeation schematics of 
blank (d) and BSCF-coated (e) membrane.  
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Figure 7. Oxygen permeation flux through PCGO-CFO dual-phase hollow fiber as a 
function of CO2 concentration (a) and under pure CO2 sweeping (b), 1-mm-BSCF 
disk-shaped membrane under He or CO2 sweeping (c). All samples were tested at 950 
ºC. 
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Table 1. Compositions and binding energy of elements in the PCGO-CFO composites 
Elements C1s O1s Fe2p3 Co2p3 Ce3d5 Pr3d5 Gd4d 
atm.% 38.59 49.88 6.41 3.33 1.44 0.17 0.18 
Binding energy（eV） 284.80 529.69 711.75 781.24 882.36 934.14 141.32 
 
Table 2. Oxygen permeation fluxes of fluorite and spinel dual-phase membrane under 
Air/He (Ar) gradient 
Composites  
Temperature 
/ºC 
Thickness(mm)/ 
Shape 
The flow rate of sweep 
gas ( mL min
-1
) 
JO2/(mL min
-1
 cm
-2
) Ref. 
CGO-CoFe2O4 950 1.0/disk 30 0.107(He) [41] 
Ce0.9Gd0.1O2-δ-NiFe2O4 1000 0.5/disk 30 0.31(He) [52] 
Ce0.8Tb0.2O2‑δ-NiFe2O4 1000 0.59/disk 150 0.11(Ar) [53] 
Ce0.8Tb0.2O2‑δ-NiFe2O4 950 0.68/disk / 0.17(Ar) [39] 
Ce0.9Sm0.1O1.95- 
Mn(1.5−0.5y)Co(1+0.5y)Ni0.5O4 
1000 0.35/disk 100 1.48(Ar-10%CH4) [54] 
      
Pr0.1Gd0.1Ce0.8O2-δ- CoFe2O4 1000 Hollow fiber 150 0.54(He) this work 
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Highlights 
 Novel fluorite Pr0.1Gd0.1Ce0.8O2-δ and spinel CoFe2O4 dual phase hollow fiber 
is developed.  
 Membrane robustness is verified by operating at 950oC for 200 hours in pure 
CO2 atmosphere.   
 The O2 flux swept by pure CO2 is 0.40 mL∙min
-1∙cm-2 higher than conventional 
membranes.   
 Robust O2 permeable membranes have potentials in clean energy and green 
chemical synthesis.    
 
